Background 28
WM tasks with several levels of difficulty [1, 3, 4, 9] . In the studies mentioned above the number of steps 105 did not exceed three (3-back) [1, 2] . Some researchers applied other paradigms with gradually increasing 106 difficulty of tasks for assessing WM performance [3, 28, 33] . But these paradigms either did not include any 107 manipulation task [3, 28] , or their difficulty level was rather low [33] . 108
Finally, the existing studies aimed to discover electrophysiological correlates of individual 109 differences in WM were based on a sample size not exceeding 14 participants in each group [1, 3, 50 ]. An 110 analysis of typical effect sizes indicates that at least twice larger groups would be necessary to reliably 111 evaluate the differences between high-and low-performers. 112
In this paper we used highly demanding tasks which should give us the opportunity to distinguish 113 EEG activity of individuals with different levels of WM performance. Additionally, using two types of 114 tasks, which required either only retention of stimulus set or manipulation of content, we expected to reveal 115 EEG correlates of temporary storage and central executive components of WM and to assess their 116 contribution to individual differences. 117
The hypotheses of the study were as follows: 118 1. Motivated by the previous studies we expected significant relationships between WM 119 performance and oscillatory activity in theta and alpha frequency bands; 120 the original set (in the retention task), or in the set merging as a result of alphabetic recombination (in the 157 manipulation task). The other mouse button had to be pressed if the serial number of the presented letter 158 was incorrect. The two buttons were attributed to correct and wrong probes in a counterbalanced order. The 159 probe was correct in 50 % of the trials, and the order of correct and incorrect probes was random. The next 160 trial started after an interval that varied between 5000 and 5500 ms. 161
Thus, the experiment entailed six different conditions: memorizing 5, 6 or 7 letters in the 162 alphabetical or forward order. Each condition had 20 consecutive trials. These six blocks with 20 trials were 163 presented in a random order. A short practice block of 6 trials was given immediately before the main 164 experiment. 165
During the experiment, the participants were seated in a comfortable armchair in front of a com 166 puter screen in a dark room. Stimuli were presented in white color on a black background in the center of 167 the screen by using PsyTask software (Mitsar Ltd.). The distance to the screen was 1 m and the size of the 168 letters was 1.2 × 1.2°. 169
All participants were subdivided into two groups separated by the median of their mean performance 170 across all tasks. The groups are referred to as high performance (HP; N = 32) and low performance (LP; N 171 = 33) groups. The percentage of correct answers was used for behavioral data analysis. A repeated measures 172 ANOVA with the between-subject factor Group (HP, LP) and the within-subject factors Task (retention, 173 manipulation) and Load (5, 6, or 7 letters) was applied. 174
Frequency bands for EEG analysis were defined using individual alpha frequency (IAF) as follows: 182 theta = [IAF-6 Hz to IAF-2.5 Hz], alpha1 = [IAF-2.5 Hz to IAF], alpha2 = [IAF to IAF+2.5 Hz], beta1 = 183 [IAF+2.5 Hz to 20 Hz], beta2 = [20 Hz to 30 Hz] . The IAF was determined on a 3 min EEG recorded at 184 rest with eyes closed. 185
Segments of raw EEG recorded during the interval from 500 ms to 6500 ms of the delay period were 186 analyzed. These segments were filtered between 0.5 and 30 Hz, and a 50-Hz notch filter was applied. The 187 segments were subdivided into 2-second epochs. A fast Fourier transformation (FFT) was performed in 188 each epoch. Ocular artefacts were corrected by using independent component analysis (ICA) followed by 189 visual EEG inspection for remaining artefacts. These operations were performed in EEGlab toolbox. 190
Spectral power densities for each frequency bands were calculated using Fieldtrip toolbox. 191
Spectral power data were statistically analyzed by using two independent mixed-design ANOVAs. 192
The first analysis involved mean power values in four regions of interest (ROI): left (Fp1, F7, F3) and right 193 (Fp2, F8, F4) anterior areas, left (T5, P3, O1) and right (T6, P4, O2) posterior areas. This analysis included 194 a between-subject factor Group (HP, LP) and the within-subject factors Task (retention, manipulation), 195
Load (5 versus 7 letters), Hemisphere (left, right) and Site (anterior, posterior). The second ANOVA of 196 mean power values at the midline (Fz, Cz, Pz) analogous to the previous with factors Group, Task and Load 197 was performed. All statistical calculations were performed by using SPSS package. 198 obtained. A pairwise comparison between load levels separately for alphabetical and forward conditions 208 showed highly significant differences (p<0.0001) for all pairs but two. First, there was no difference 209 between the performance in 5-and 6-letter conditions in the forward order (p=0.191). Second, the 210 differences were less pronounced in the comparison between 6 and 7 letters in the alphabetical order 211 (p=0.011; not significant after Bonferroni correction). For this reason, and in order to avoid potential 212 problem with sphericity in statistical measures, the 6-letters condition was excluded from the EEG analysis. 213
The mean performance accuracy in the high and low performance groups was 84.9±0,5% and 214 71.9±1,1%, respectively (F(1, 63) = 87.26, p < 0.0001, ƞ2 = .581). The theta rhythm had lower power in anterior areas in comparison with posterior areas (main effect 232 of Site, see Table 1 for this section). Also, the power was higher over the left than the right hemisphere 233 (main effect of Hemisphere). Furthermore, the theta power decreased with the increasing WM load at all 234
ROIs except the right anterior one (Load x Site x Hemisphere interaction). 235
Across the whole sample, the theta power tended to be higher in the manipulation task than in the 236 retention task. As depicted in Fig. 3 . this effect was more pronounced at anterior than posterior areas (Task 237
x Site interaction) and also more pronounced over the left than the right hemisphere (Task x Hemisphere 238 interaction). 239
The analysis of midline theta showed higher power in the manipulation task than in the retention 240 task (main effect of Task, see Table 2 ). Increasing number of the presented letters from 5 to 7 yielded a 241 decrease of theta power in the manipulation task but its increase in the retention task (Task x Load 242 interaction). This interaction was, however, strongly modified by the between-subject factor, as described 243 below in the Section Individual differences-Theta. As expected, alpha1 and alpha2 activity increased in the posterior direction (main effect of Site, see 250 Table 1 ). 251
Alpha1 power was lower in the manipulation task than in the retention tasks (main effect of Task). The analysis revealed a four-way interaction between Task, Site, Hemisphere and Group. Additional 276 separate analyses in groups were performed. In the HP group we observed a larger theta power in the 277 manipulation condition than in the retention condition, and the magnitude of this effect was the highest in 278 the left anterior area (Task x Site x Hemisphere interaction (F(1, 31) =7.605, p = 0.01, ƞ 2 = .197). No 279 significant effects were found in the LP group. 280
An ANOVA performed on midline electrodes revealed opposite load dependent changes of the 281 midline theta power in the HP and LP groups. As depicted in Fig. 5 , an increase of the number of letters 282 from 5 to 7 was associated with an increase of theta activity in the former group but its decrease in the latter 283
(Load x Group interaction, see Table 1 ). Fig. 5 shows that the significant Load x Task interaction for the 284 entire sample, described above in Section General tendencies-Theta, is actually produced by the dramatic 285 decrement of the theta power in the most demanding condition (manipulation task, high WM load) in the 286 As can be seen in Fig. 6 , the suppression of the alpha1 power in the manipulation task relative to 295 the retention task was stronger in the HP than the LP group (Task x Group interaction). Alpha2 was 296 generally stronger in the HP than the LP group (main effect of Group). The significant Task x Site x Group interaction (see Table 1 ) indicates opposite task-and location-316 related changes in the two groups. The LP group showed higher beta2 activity in the manipulation task at 317 anterior areas but in the retention task at posterior areas, while the opposite held true for the HP group The current study found that increasing WM task complexity and executive control demand were 329 associated with the increase of the frontal theta activity. Increasing theta power in midline and frontal areas 330 during mental manipulations in contrast to the mere retention of memory content is in line with numerous 331 data indicating positive relationships between FMT and cognitive load [3, [9] [10] [11] 28] . Moreover, an increase 332 of FMT in manipulaton tasks as compared with retention tasks was also found in studies whose design was 333 similar to the present one [31] [32] [33] 52] . 334
In addition, the link between FMT and the activation of the anterior cingulate cortex (ACC) and the 335 medial prefrontal cortex (mPFC) was repeatedly proven by simultaneous EEG-fMRI recordings as well as 336 by direct electrophysiological recordings in monkeys [53] [54] [55] [56] . The ACC and the mPFC are active during 337 memory processes, WM performance, and executive control [57] [58] [59] . 338
We assume that the increment of FMT (supposedly indicating the activation of the ACC) with 339 increasing WM demands is related to increasing involvement of executive processes. However, it should 340 be noted that FMT reflects not pure memory processes per se but more likely the allocation of cortical 341 resources depending on features of the task [3,59,60]. One may speculate that increasing demands for 342 executive control during manipulation of information in WM engage a widely distributed network whose 343 main components are the prefrontal cortex and the ACC. inhibition to protect these areas from reorienting to new irrelevant information processing [28, 42] . It is 354 plausible that the temporary storage components of WM play the key role in a successful maintenance of 7 355 letters relative to 5 letters. It might be suggested that when the volume of information maintained in the 356 temporary storage approaches the putative capacity limit (7+-2) the central executive should actively inhibit 357 irrelevant information. The observed asymmetry of alpha1 power at the posterior area agrees with the 358 previous studies of WM and short-term memory [9, 28, 54, 64, 65] . Load-dependent changes in beta1 power were observed only in the manipulation condition. We 371 hypothesize that manipulation is underpinned by two independent temporal buffers: the first one is the final 372 storage for modified items after the manipulations, whereas the second one serves as a workspace for the 373 remaining to-be-modified items. Perhaps, there are even two different beta1 rhythms that overlap in 374 frequency but reflect different sub-processes in WM [67]. The first rhythm supports the activity of the first 375 buffer ("store"), and the second rhythm, that of the second buffer ("workspace"). Synchronization of the 376 former maintains the active state of the engram and protects it from irrelevant information. Weiss & 377 Rappelsberger [68] demonstrated a gradual increase of beta1 activity in response to sequential filling of 378 WM by words. Research conducted by Leiberg, Lutzenberger, & Kaiser [69] also showed a load-dependent 379 increase of beta1 activity. At the same time desynchronization of the other beta1 rhythm reflects the 380 retrieval from long term memory and encoding to WM. In other words, desynchronization of the latter 381 beta1 rhythm reflects manipulations of objects in "workspace" for their subsequent transfer to "store". 382
Our hypothesis also entails that the lack of beta1 desynchronization during the encoding process Probably, in the retention condition the "workspace" buffer is minimally involved. It may work at 389 the beginning of the delay period when sequentially and quickly presented information is encoded. Thus 390
Zanto & Gazzaley [71] found the desynchronization of beta1 rhythm during the first 1250 ms of the 4-s 391 delay period but the synchronization from 1500 ms to the end of the delay. In the current study, the delay 392 periods during maintaining and manipulation of 5 and 7 letters could be different due to a longer 393 presentation time (3 seconds). Therefore, the recombination of 5 letters to the alphabetical order could 394 already start during stimulus presentation and continue only in the "workspace" buffer without addressing 395 the "store" buffer. When the recombination process is finished, the result is transferred to the "store" buffer 396 and kept there until the probe is presented. The "store" buffer in this case prevents possible interference of 397 other stimuli and maintains the actual state of the engram until the moment when its content is requested. 398
When a longer stimulus set is memorized (i.e., 7 letters) a plausible strategy is to memorize the initial letters 399 set and to transfer it into the "store" buffer. If this strategy is used, recombination may start after the stimuli 400
have disappeared from the screen. During this period, both buffers are actively involved: the "store" buffer 401 is keeping the initial set, while recombination is carried out in the "workspace" buffer. When the recombination is finished the information transfers to the "store" and updates its content. This assumed 403 information return to, and updating of, the "store" buffer would explain the increase of beta1 power from 404 5-to 7-letter condition in the manipulation task. 405
406
Beta2 and amount of information in WM 407 408 Beta2 power increased with the increasing WM load and did not significantly depend on the type of 409 the task. The significant effect of Load on beta2 power found in the present study is in line with this interpretation. 416
The activation of the left prefrontal cortex including the inferior frontal gyrus (IFG) and Broca's 428 area was found in verbal tasks during executive processes functions [55, 82, 83] . Simultaneous EEG / fMRI 429 recording in a modified Sternberg task revealed a load-dependent increase of left IFG activation and the 430 theta rhythm [55] . Similar results were obtained by Chee & Choo [84] in a WM task. We suppose that the 431 left-hemispheric accentuation of the theta rhythm represents more effective information exchange between 432 short-and long-term memory storage in the HP group. 433
Group differences were not only task-dependent but also load-dependent. The HP group 434 demonstrated a gradual increase of theta power at midline, reaching its peak in the most demanding 435 condition: manipulation task with 7 letters. In contrast, the LP group exhibited a sharp drop of theta power 436 in this condition after a maximum in the condition of moderate difficulty: manipulation with 5 letters. Since 437 previous studies of EEG correlates of individual differences in WM were limited to moderate difficulty, we 438 can state that our findings are fully consistent with the previous ones, where the theta activity always 439 increased with memory load [1, 3, 4, [9] [10] [11] . However, the most difficult task resulted in a more complex 440 change of theta activity that has not been observed so far. 441
One may speculate that reaching the individual's WM capacity limit is accompanied by a crucial 442 deficit of attentional resources. Post-experimental reports suggest that most participants formulated their 443 task as "to remember all letters if possible", but possibly, some LP participants in the most difficult 444 condition changed the task to "to remember at least some letters". Alternatively, some subjects may have 445 switched strategy to "remember the first few letters with regard to position" in the forward task and the 446 "first few letters with regard to alphabetical order" in the alphabetical task. This post-hoc hypothesis was 447 tested by an analysis of behavioral results with regards to the position of the probe letter. The factor Position 448 was taken with 2 levels (the first two versus the last 2 letters for 5-letters conditions, or the first three versus 449 the last 3 letters for 7-letters conditions). We found two significant interactions between Position and 450 Group: Position x Group (F(1, 63) = 6.022, p = 0.017, ƞ 2 = .087) and Position x Task x Load x Group (F (1, 451 perform the EEG analysis with the factor Position, because we did not have a sufficient statistical power 453 for this unplanned comparison. 454
Another explanation might be the loss of motivation in LP participants in the most challenging 455 condition. This hypothesis, however, would predict a particularly poor performance of LP participants in 456 the manipulation task with 7 letters. This disagrees with the observed data indicating nearly equal 457 performance differences between LP and HP participants in all conditions (see Fig. 5 ). From our point of 458 view, the strategy change hypothesis can better integrate this fact that the loss-of-motivation hypothesis. In the development of the cortical idling hypothesis, [85] proposed that the increasing alpha activity 468 during cognitive processing is related to the allocation of attentional resources by inhibition of the cortical 469 areas irrelevant to the current task [42, 86, 87] . In this context alpha rhythm plays the role of an information 470 flow filter. 471
It is well known that WM is one of the main components of general intelligence [88, 89] . 472 Accordingly, the degree of alpha desynchronization in semantic memory task is positively related to 473 intelligence [90] . Similar correlations between IQ and alpha power were observed in the resting state 474
[91,92]. We suppose that stronger alpha power may reflect a higher level of readiness to perceive relevant 475 information. Therefore, HP individuals have potentially more resourceful visual cortex and manage the In general, the obtained results allow us to make several claims about possible factors contributing, 503 at the individual level, to effective verbal WM performance: 504 firstly, a higher state of readiness to process relevant and to inhibit irrelevant information and related 505 larger alpha power; 506 secondly, stronger engagement of the left prefrontal cortex and the hippocampus; this factor can 507
underlie efficient maintaining and manipulating information in WM due to a fast exchange of information 508 between long term and working memory; 509 thirdly, an energy efficient strategy for distribution of frontal resources in order to maintain the 510 necessary level of activity of the ACC; 511 finally, activation of the ACC and the related executive functions is decisive for successful 512 manipulations of content in WM, simultaneous maintaining information about initial properties of stimuli 513 and efficiently shifting attention between these cognitive operations. 514
515
Limitations 516
517
We have to acknowledge at least two limitations of the present study. Firstly, the results may be 518 affected by the homogeneity of the sample in respect to gender (i.e., females). A gender based analysis will 519 be the matter of a subsequent report Secondly, our putative explanation hypotheses suggested in the 520 Discussion above have neuroanatomical implications, i.e., they presume the activity of certain brain 521 structures such as the ACC. To test these hypotheses, a larger number of electrodes should be used in future 522 studies, which will allow a more precise assessment of the spatial distribution of the obtained effects. 523 524 Conclusions 525 1. In accordance with many previous studies, we expected to find significant WM-related changes in 527 alpha and theta frequency bands. This hypothesis was only partially supported by the data. 528
Significant effects were found in all analyzed frequency bands from theta to high beta, indicating 529 that our knowledge about the neural basis of WM is not comprehensive. 530
2. The hypothesis about a strong participation of the frontal theta rhythm in WM processes was 531 confirmed. The novel finding was, however, different dynamics of frontal theta in HP and LP 532 groups. 533
3. When starting the study, we believed that some important findings can have been missed in the 534 previous experiments because they used only tasks of low to average difficulty. Therefore, we 535 predicted important intergroup variation in EEG pattern in the most challenging condition. This 536 prediction was confirmed. The most pronounced differences between individuals with high and low 537 WM performance, in terms of the oscillatory activity in several frequency ranges, were observed in 538 the manipulation task with 7 letters, which is a very difficult condition that for many individuals 539 might exceed their limits. Particularly, this condition resulted in a more complex change of theta 540 activity than just an increase with WM load, which has not been observed so far. Including greater 541 variety of experimental conditions and groups to the WM research agenda seems beneficial. 542 4. Finally, we expected a stronger effect of executive WM components as compared with storage 543 components. The data put this hypothesis in question. Firstly, the difference in performance between 544 LP and HP participants was nearly equal in retention (weak executive control demands) and 545 manipulation (much higher executive control demands) conditions. Secondly, task and site 546 dependent group differences were found in each explored frequency bands including anterior theta 547 and posterior alpha activity. In some studies these two responses were interpreted as reflections of 
